The origin of Martian grabens has remained controversial for decades, given the nonuniqueness of graben morphology and conflicting interpretations of dike-induced or faultingbased formation processes. We use measurements from the Mars Orbiter Laser Altimeter to identify the characteristic topographic signature at the surface of an igneous dike beneath a Martian graben. Our results suggest that this subtle but diagnostic signature can be used to test competing interpretations of the formation of grabens and associated fissures and collapse depressions.
INTRODUCTION
Martian grabens in the Tharsis region of Mars have been interpreted, or assumed, to form as a result of either faulting-based processes (i.e., near-surface crustal extension; see Banerdt et al., 1992; Phillips et al., 2001) or volcanic processes (i.e., intrusion and dilation of mafic igneous dikes in the near-surface region; see Mège and Masson, 1996; Wilson and Head, 2002; Ernst et al., 2001; Mège et al., 2003 , for reviews and discussion). A definitive interpretation has remained elusive, however, because the structure and morphology of grabens alone cannot be used to distinguish between them. Results from detailed study of terrestrial grabens demonstrate that a characteristic topographic signature at the surface develops above a near-surface igneous dike (e.g., Pollard et al., 1983; Mastin and Pollard, 1988) on which the fault-related topography of the associated graben is superimposed (e.g., Rubin and Pollard, 1988; Rubin, 1992) . The presence of dike-related topography is necessary and sufficient to infer the presence of a dilated igneous dike at shallow depth beneath the graben.
In this paper we report the discovery of the characteristic topographic signature at the Martian surface of an igneous dike at shallow depth, which is associated with part of a Tharsis radial graben (Fig. 1) . We then use standard methods to model the topography and thereby infer the depth, driving pressure, and dilation of the subsurface dike. 
METHODS
Topographic measurements from the Mars Orbiter Laser Altimeter (MOLA) Precision Experiment Data Record (PEDR) data set (Smith et al., 2003) are used to characterize the cross-strike topography of the Tharsis radial graben. These data are a series of spot elevations taken along the ground track of the Mars Global Surveyor (MGS) satellite. Spot elevations are spaced ϳ300 m center-to-center along the MGS ground track, and the footprint for each spot elevation measurement is ϳ168 m in diameter (Smith et al., 2003) . Each measurement has a vertical precision of typically Ͻ1 m (Neumann et al., 2001) . Four closely spaced PEDR tracks are selected across a typical Tharsis radial graben within the Memnonia region of Mars (Fig. 1) . Track-to-track separation distances range between 1.8 and 2.4 km, and these tracks are subperpendicular to the trend of the graben. The effect of a slight north-dipping regional slope is removed from each transect by trigonometric reduction of subsequent along-track elevation values using a gradient of Ͻ0.1Њ.
Within the four MOLA transects, an ϳ4-km-wide, 10-15-m-deep graben is consistently revealed; the north rim of the graben is ϳ5 m higher than the south rim (Fig. 2) . Visual comparison of these tracks shows that in general, the flanks of the graben have an overall concave-down morphology, superimposed with meter-scale topographic variations. The topographic highs of the graben flanks are several kilometers from the rim of the graben.
Careful analysis of data collected by the Mars Orbiter Camera (e.g., M0804125, M0002948) reveals rough surficial material that extends for tens of kilometers from in situ layered rock mass exposures within the upper graben walls. The lower slopes of the graben walls are covered by talus fans; dunes with tens of meters wavelength occur in patches along the graben floors and flanks. Evidence of fluvial erosion (e.g., gullies or channels) is not observed. Further, thermal emission imaging system data (e.g., I07664008, I06940005) reveal areas of high thermal inertia along the talus fans at the base of the graben walls, with areas of lowest thermal inertia corresponding to the rock mass exposures and slightly higher thermal inertia within the graben floors and surrounding plains. These observations are consistent with minimal fluvial erosion and eolian sedimentation; the bulk of the sediment is derived locally from the graben walls (colluvium). Therefore, with the exception of the talus-covered lower graben walls, the MOLA data provide a reliable measure of graben-related topography.
In order to model the MOLA topography of Figure 2 , we use the two-dimensional boundary element program FAULT (Schultz and Aydin, 1990; Schultz, 1992; Bruhn and Schultz, 1996; Schultz and Balasko, 2003; Okubo and Schultz, 2004) , which utilizes the displacement discontinuity method (Crouch, 1976; Crouch and Starfield, 1983) . In these models, we prescribe a crustal elastic (Young's) modulus of 60 GPa and a Poisson's ratio of 0.25, with rock friction angle of 30Њ and 0.5 MPa fault cohesion (values appropriate to the rock mass adjoining a dike wall). Crustal density is taken to be 2600 kg/m 3 and magma density is 2200 kg/m 3 . Far-field (regional) stresses are defined as gradients that increase with depth, with the maximum compressive remote stress ( 1 ϭ v ) prescribed as a lithostatic load gradient for Martian gravity (g ϭ 3.71 m/s 2 ) and the least horizontal (compressive) stress 3 ϭ h defined as a positive fraction (e.g., 1/2) of v , following measurements of terrestrial crustal stress states (e.g., McGarr and Gay, 1978; Plumb, 1994) . Dike opening is driven by hydrostatic magma pressure with zero hydrostatic head. The model calculates the distribution and magnitude of displacements along each model dike and fault segment, along with the attendant crustal displacements. Natural variations in these model parameters would change our results in detail but would not alter our conclusions. This approach was previously used to successfully model the surface topography of Martian normal faults (Schultz and Lin, 2001; Wilkins and Schultz, 2003) and thrust faults (Schultz and Watters, 2001) .
Work by Rubin and Pollard (1988) and Rubin (1992) shows that dike-induced graben formation occurs in two distinct stages. First, synthetic normal faults nucleate onto newly formed joints in the dike's near-tip region and slip on either side and ahead of the oncoming propagating dike tip. Then, as the dike tip propagates past these faults, dike-induced dilation increases the magnitude of the local horizontal compressive stress, which acts to prevent further frictional slip on the grabenbounding faults. In this way, crustal displacements around dike-induced graben are the sum of normal fault-related and dike-related displacements. Further, Rubin and Pollard (1988) showed that observed dike-induced graben displacements in Iceland are best fit with dikeand normal fault-induced displacements, instead of dike-induced displacements alone. Accordingly, our model graben displacements are determined by summing normal faultinduced displacement vectors with dikeinduced displacement vectors. In order to match the MOLA-observed graben topography, the dike and fault geometry, as well as far-field driving stresses, are iteratively varied until the resulting model graben topography fits MOLA observations. The topography measured by MOLA across a Martian graben is the cumulative change resulting from the total growth of any dikes and faults associated with the graben. In contrast, Rubin and Pollard (1988) and others used the change in surface topography before and after a single intrusion event to calculate the dike parameters for that event alone. By fitting the MOLA topography with the calculated topography due to a dike, we obtain the total dilation regardless of whether it was achieved in a single or multiple episode of magma inflation.
RESULTS AND DISCUSSION
The best-fit model surface displacements are shown in Figure 2 and the corresponding normal fault and dike geometry is shown in Figure 3 . Two synthetic normal faults dip toward the dike at 70Њ, and the surface-breaking upper tips of both faults are located 2 km from the center of the graben. Downdip fault heights are 5.3 km for the north-dipping fault and 8.5 km for the south-dipping fault. These faults do not crosscut each other, but the south-dipping fault intersects the location of the superposed dike. The upper tip of the dike is at 0.5 km depth and centered below the graben. The dike is vertical and 17.5 km tall. Model-predicted dike opening displacements show a skewed elliptical displacement distribution, with 31.6 m of maximum dike opening, D max , at 10.9 km depth. The predicted cross-sectional area of the dike is 0.449 km 2 . The best-fit ratio of far-field stress gradients is h ϭ 0.4 v ; this ratio is insufficient for normal faulting due to remote stress alone, requiring the additional contribution of the dike's near-tip stress field to promote normal faulting and graben formation. Using this model geometry, the MOLA-observed graben topography is fit by three complete cycles of normal faulting and dike intrusion, rather than one single high-strain event. Thus, the cumulative geologic dike opening predicted for this graben is 94.8 m. This model geometry for multiple graben-forming events produces a good fit to the graben flanks, as well as interior of the graben.
Alternatively, the topography of this graben (outside the faults) can also be fit by a single cycle of normal faulting and dike intrusion. This single-event model geometry produces a good fit to the graben flanks, but underpredicts the depth of the graben by ϳ10 m. Here, the dike and normal fault geometry of Figure 3 is adjusted to produce higher strains. In this singleevent scenario, two synthetic normal faults dip 80Њ, and the upper fault tips are surface breaking and located 2 km from the center of the graben. Downdip fault heights are 11.0 km for the north-dipping fault and 17.0 km for the south-dipping fault. These faults do not crosscut each other, but both intersect the location of the superposed dike. The upper tip of the dike is at 0.1 km depth and centered below the graben. The dike dips 88Њ to the south and is 25.9 km tall. Model-predicted dike opening displacements show a skewed elliptical displacement distribution, with a D max of 71.6 m at 14.6 km depth. The predicted cross-sectional area of the dike is 1.574 km 2 , and the bestfit ratio of far-field stress gradients remains at h ϭ 0.4 v . An acceptable fit to the topography, both within and beyond the graben, is only achieved for the multiple-event case in which larger displacements occur on smaller structures (dikes and graben-bounding faults). Dike depths of 20-30 km imply magma transport well within the Martian crust (e.g., Zuber, 2001) .
Our model-predicted normal-fault surface displacements outline a typical faulting-based graben; the flanks of the faulting-based graben are concave up and topographic flank highs are located at the graben rim. Conversely, predicted surface displacements above the dike alone show uplifted flanks with concave-down slopes. The topographic highs of the dikeinduced flanks are located ϳ6 km distant on either side of the surface projection of the dike-well beyond the graben rim. Summing the predicted dike-and normal fault-induced surface displacements yields a best-fit model graben characterized by concave-down flanks with topographic flanking highs located several kilometers from the graben rim, consistent with MOLA observations. Further, the magnitude of best-fit model relief, measured from graben floor to rim, is also consistent with MOLA. Conversely, faulting-based displacements alone predict graben flanks with concaveup slopes and flank topographic highs at the graben rim (e.g., Stein et al., 1988; Cohen, 1999) .
The topography within the graben is fit only approximately by the models. As discussed by Rubin (1992) , increased fracture densities around the dike leading to locally reduced modulus beneath the graben, as documented beneath Icelandic volcanic grabens, could promote greater subsidence of the graben floor than the values predicted by an elastic model. Other factors, such as local anisotropy, mass increase due to the dike (both beneath the graben floor), dike tip cavities (Rubin, 1993) , and explicit consideration of the timing of fault slip and dike dilation (Rubin, 1992) , stoping into the dike cavity (Okubo and Martel, 1998) , and sedimentation within the graben (e.g., Grosfils et al., 2003) may also improve the fit within the Martian graben. Beyond the graben faults, however, the model provides a reliable means for assessing the presence of a dike beneath a graben.
These results show that the topography of the modeled Tharsis radial graben is most consistent with a dike-induced origin, and least consistent with a faulting-based origin. Therefore, these results strongly support previous interpretations that at least some Tharsis radial grabens formed in response to dike propagation. Further, our approach and results provide a straightforward criterion for evaluating the origin (faulting based vs. dike induced) of grabens on planetary surfaces based on topography. Flanks of dike-induced grabens are predicted to have concave-down slopes. Conversely, flanks of faulting-based grabens are predicted to have concave-up slopes.
CONCLUSIONS AND IMPLICATIONS
We demonstrate that the topography across a 10-km-long Tharsis radial graben segment within the Memnonia Fossae array is consistent with a subjacent dike that extends to ϳ18 km depth with a maximum total dilation of ϳ95 m. The amplitude of surface uplift associated with this dike, 15-20 m, is subtle yet recognizable in MOLA profiles. Suggestions of substantially larger dikes (e.g., to depths of ϳ100 km; Wilson and Head, 2002) should be testable from similar analyses of MOLA data. Our results indicate that at least one graben segment in Tharsis (i.e., Fig. 1 ) overlies a dike, supporting previous suggestions of nearsurface magma transport for that area. However, our preliminary assessment of other Tharsis radial grabens does not consistently reveal dike-related topographic signatures, and thus we infer that Tharsis grabens may not reflect faulting-based or dike-induced origins along their entire extent. Other classes of Martian structures such as fissures and collapse depressions (including those with apparent fluid breakouts) that have been interpreted as the surface expression of shallow dikes (e.g., Burr et al., 2002; Russell and Head, 2003) may also reveal the presence (or absence) of dikes through analysis of their topography.
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